As with PTKs, PTPs come in two flavors, cytoplasmic Max-Planck-Institut fü r Entwicklungsbiologie Abteilung Physikalische Biologie and receptor-like, and share the greatest sequence similarity in their phosphatase domains. Cytoplasmic PTPs 72076 Tü bingen Federal Republic of Germany comprise a single phosphatase domain and one or more protein-binding domains, while RPTPs comprise a cytoIn the long-standing mystery of who steers the growth plasmic region containing one or two phosphatase domains, a hydrophobic transmembrane domain, and an cone, receptor-like protein-tyrosine phosphatases (RPTPs) have for several years been prime suspects, extracellular region built of immunoglobulin type C2 (IgC2) and/or fibronectin type III (FN III) domains ( Figure  implicated by their presence at the scene, by their suspicious-looking extracellular domains, and via guilt by as-1A). The same extracellular structure is found in cell adhesion molecules of the immunoglobulin superfamily sociation with the tyrosine kinases. Two recent papers in Cell use reverse genetics in Drosophila to show that such as the vertebrate proteins NCAM and L1 and the related fly proteins fasciclin II and neuroglian, and also two RPTPs are necessary for motoneuron axonal pathfinding and that a third is an accessory (Desai et al., in RPTKs such as the Eph and FGF receptors. Figure 1A shows the domain structure of the five 1996; Krueger et al., 1996).
. The Five Drosophila RPTPs (A) Comparison of domain structure of Drosophila RPTPs, fasciclin II (fas II), and corkscrew; IgC2, FN III, SH2, and phosphatase domains are indicated. Asterisks: sequence data suggest that the second phosphatase domain of DPTP99A is inactive and that DPTP4E contains a second transmembrane domain. (B) Other properties of fly RPTPs. Closely related mammalian RPTPs, existence of multiple RNA splice forms, and protein expression pattern are listed for each RPTP, as well as the motor nerve branches affected in null mutants. Single dagger, the phenotype of dptp69D null mutants is greatly enhanced in dptp69D dptp99A double mutants. For references, see Desai et al., 1994 Desai et al., , 1996 Krueger et al., 1996; Yang et al., 1991. tissues including the nervous system, and the mammaelectrophoresis to check for single-base changes in exons. Of the five Dlar alleles found, sequence changes lian RPTP CRYP␣ has been localized to axons and growth cones (Stoker et al., 1995) . Once the fly RPTPs were found in two; both cause premature stop codons in the extracellular domain and are likely to be genetiwere cloned, in situ analyses were performed, and antibodies were made, several RPTPs were found to have cally null. (For technical reasons, they were studied as heterozygotes over an overlapping deficiency, and so strikingly restricted expression patterns (see Yang et al., 1991; Desai et al., 1994; and references therein) . While the true homozygote phenotype is not yet known.) Dlar mutants die as late instar larvae and show strong moto-DPTP4E RNA is found throughout the embryo, the RNAs of DLAR, DPTP10D, DPTP69D, and DPTP99A are specifneuron guidance defects; both phenotypes are rescued by a wild-type Dlar transgene expressed under control ically expressed in the developing nervous system, each in a different subset of roughly half the CNS neurons of a neuron-specific activator. Kai Zinn's group had previously used local P element (which include the motoneurons). Furthermore, antibody staining shows that these four RPTP proteins are localhopping and imprecise excision to generate dptp99A 1 , a putative null dptp99A allele, which lacks the entire ized to axons and not cell bodies. (DPTP4E may also be present on axons, but no antibody has yet been DPTP99A cytoplasmic domain and does not stain with an antibody against the extracellular domain. This mumade.) Although the small size of fly growth cones has made it difficult to directly show RPTP staining, the tant was disappointingly viable and had no detectable CNS or motoneuron phenotype (Hamilton et al., 1995) , axonal expression strongly suggests that RPTPs are also present on growth cones. Further, DPTP69D can leading the authors to propose that the RPTPs are functionally redundant. Applying the same P element techbe detected on motoneuron growth cones when expressed at high levels (Desai et al., 1996) . Thus, the nique, with a little help from Larry Goldstein's group, which was trying to knock out a neighboring gene, the structure and expression pattern of RPTPs provided strong circumstantial evidence for a role in growth cone Zinn group has now generated a series of five dptp69D alleles (Desai et al., 1996) . The most specific, dptp69D 1 , guidance, and so the motivation for knocking out their genes.
is a small deletion that removes most of the extracellular region and is genetically null. dptp69D 1 homozygotes Generation of RPTP Mutants Krueger et al. (1996) saturated the region near the Dlar die as late pupae and show motoneuron guidance effects (see below); further, the penetrance of these degene with point mutations, screened for lethality over a deficiency, and used polymerase chain reaction amplififects is greatly enhanced in dptp69D 1 dptp99A 1 double mutants, confirming that the genes are partially reduncation and single-strand conformation polymorphism (C) dptp69D mutants show defasciculation defects, misrouting, stalling (diamonds), and aberrant terminations. (Breaks in nerves show alternate phenotypes.) dptp69D dptp99A double mutants have similar phenotypes to dptp69D, but with much greater penetrance. Orientation: d-v, dorsal-ventral; a-p, anterior-posterior; i-e, internal-external. Adapted from Desai et al., 1996; Krueger et al., 1996; Van Vactor et al., 1993. dant. Both single and double mutants can be rescued
In the Dlar bypass phenotype ( Figure 2B ; Krueger et al., 1996) , SNb defasciculates from ISN at the usual by a single-copy wild-type dptp69D transgene.
Motor Axon Phenotypes
point, but does not enter the target muscle field, instead continuing past the target alongside the ISN. Eventually Both papers studied axon guidance in the embryonic motor projection for a simple reason: the axons are easy the SNb growth cones either terminate within the axon pathway, or form terminals on dorsal muscles. SNd is to see. Because of this, the motor projection has been intensively studied both morphologically and genetically sometimes missing, while SNa and SNc are normal.
(Staining with several markers shows that neither the (e.g., Van Vactor et al., 1993 ; reviewed by Bate and Broadie, 1995) . All the motor axons are clearly labeled Dlar nor the dptp69D axon phenotypes are simply part of a broader change in cell fate.) In presumed null Dlar by a monoclonal antibody against fasciclin II. The motor projection is bilaterally symmetric, segmentally remutants, 60% of hemisegments show a full bypass phenotype, while in another 30% some SNb axons bypass peated, and consists of about 34 neurons projecting to 30 muscles. After exiting the CNS, the axons sort into five their targets while others are normal (partial bypass). Rescue of the phenotype by a neural-specific Dlar branches or fascicles: the intersegmental nerve (ISN), segmental nerves a and b (SNa and SNb), and SNc and transgene as well as the lack of Dlar RNA in muscle cells show that DLAR acts in the axons. Thus, DLAR is SNd, which branch from SNa and SNb, respectively. Slicing the embryo down the dorsal midline and removimportant in SNb growth cones at the choice point where SNb enters its target field. ing its innards yields a flattened fillet preparation in which the axons and muscles can be seen beautifully dptp69D phenotypes are more varied ( Figure 2C ; Desai et al., 1996) . In the bypass phenotype, SNb continues using Nomarski optics.
The wild-type projection is shown in Figure 2A . For past its targets, but is slightly different from the Dlar bypass in that it remains fasciculated to ISN; delayed simplicity only SNb, the most-studied branch, is shown in detail. After SNb axons exit the CNS, they pass defasciculation is also seen in the split/detour phenotype. In the U-turn phenotype, SNb passes its target through a series of choice points: first they defasciculate from the ISN, shifting internally toward muscles 14 and field, and then reaches back to contact its normal target muscles 12, 13, and 6. In the split/detour and split/stall 30, and then shift again to contact the internal surfaces of muscles 12 and 13. They then extend exuberant prophenotypes, SNb growth cones take aberrant paths and stall in abnormal positions, but still manage to contact jections to most of the nearby muscles and finally undergo axonal pruning to yield the final mature arborizasome of their normal targets. SNa also shows some defects, whereas SNc and SNd are normal. In null tion pattern (Bate and Broadie, 1995; Van Vactor et al., 1993 Thus, DPTP69D and DPTP99A are important in SNb Sun, H., and Tonks, N.K. (1994). Trends Biochem. Sci. 19, 480-485. growth cones and seem to have partially redundant Tian, S.S., and Zinn, K. (1994) . J. Biol. Chem. 269, 28478-28486. functions in forming normal terminations and especially Van der Geer, P., Hunter, T., and Lindberg, R.A. (1994) . Annu. Rev.
in defasciculating from ISN and entering the target field.
Cell. Biol. 10, 251-337.
A Signaling Pathway for Axon Guidance? Van Vactor, D., Sink, H., Fambrough, D., Tsoo, R., and Goodman, These two studies clearly show that these three RPTPs One expects a panoply of adaptors, cytoplasmic kinases, and small G proteins just as found in the RPTK pathways that control cell fate. Indeed, the cytoplasmic PTK abl has been implicated in axon guidance in the CNS, the transmembrane glycoprotein gp150 has been shown to interact with and be a substrate for DPTP10D (Tian and Zinn, 1994) , and the SH2/SH3 adaptor protein encoded by dreadlocks has recently been shown to be necessary for axon guidance by fly photoreceptor axons (Garrity et al., 1996) . Finally, since the RPTPs seem to act in the growth cones, are they in fact ligand-gated phosphatases? Ligands might be found using biochemical methods, or perhaps a genetic interaction screen. With these two papers and other recent results in growth cone guidance, asking about entire signaling pathways is no longer just pie in the sky.
